The vulnerability index and capacity spectrum-based methods used to assess the expected physical damage in dwellings are revisited, and their main advantages and shortcomings are analyzed and discussed. Then, a vulnerability index-based method is used to assess the expected damage in the oldest district of Barcelona, Spain. The risk analysis is performed for earthquake scenarios defined by macroseismic intensities of V, V-VI, VI, VI-VII, and VII to design seismic emergency plans. According to the Spanish Seismic Code, the basic peak ground acceleration for a 475-year return period is 0.04 g, which corresponds to an intensity of VI. Thus, the expected physical damage is quantified and its impact on population and other quantities, such as debris and economic cost, are studied. In spite of the low-to-moderate seismic hazard in Barcelona, the results show that the risk is high, due to the high exposure and vulnerability of the built environment.
Introduction
Several seismic events, which occurred in urban areas with a low-to-moderate seismic hazard, were relatively small and far from extraordinary, caused enormous, tragic damage due to the high vulnerability of buildings. Recent disastrous events in Europe, such as the Amatrice earthquake on August 24, 2016, and the Ischia earthquake of magnitude 4.2 on August 21, 2017 with 2 deceased, 39 injured, and more than 2,500 made homeless (The Guardian online, August 22, 2017), have proved this fact.
Therefore, large-scale assessment procedures should be preferred over more accurate methods designed to evaluate the seismic risk of individual buildings. However, it is imperative to focus the seismic assessment on the most vulnerable areas of towns, which typically encompass the historical centers. In these centers, there is generally a high concentration of old stone or brick masonry buildings, which are the most representative and vulnerable construction type (Maio 2016; Uva et al. 2016) . Preserving a large number of old masonry buildings built in active seismic zones is one of the problems that many municipalities face today. To solve these critical issues, it is very important to evaluate the earthquake resistance of these buildings, to strengthen them with structural interventions for long-term prevention and/or to prepare emergency plans using realistic earthquake scenarios. Services related to structural health monitoring that were proposed for historical city centers by Carnimeo et al. (2015a Carnimeo et al. ( , 2015b and Gattulli et al. (2015) may help to protect buildings from seismic events, and to validate the performance of interventions.
What is required is a relatively fast but accurate seismic vulnerability assessment. Currently, many risk analysis methods consider a large territorial scale approach. However, information contained in larger scale plans could become useless if it does not reflect the local situation, which changes rapidly over time in urban areas. This could negatively affect the risk assessment, which may be too general and ineffective on a minor or local scale (Pilone et al. 2017 ).
In addition, strategic paths that are clearly identified in the ordinary road network have a high potential impact on emergency planning, because they can ensure access to strategic elements after a seismic event (Ferlito and Pizz 2011) . In these cases, the debris generated by damaged buildings may be a substantial obstacle to enabling the minimum mobility of emergency services required to reach the resident population.
To determine expected damage scenarios resulting from likely earthquakes, the database must contain information such as hazard results, geotechnical characteristics CONTACT N. Lantada nieves.lantada@upc.edu Division of Geotechnical Engineering and Geosciences, Civil and Environmental Engineering, Universitat Politècnica de Catalunya, C. Jordi Girona 1-3, Building D2, Barcelona 08034, Spain. Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/uarc. of the ground, structural characteristics of buildings, population exposure, and geographical distribution of the population in working units. The use of different sources of information makes it difficult to integrate all the input data, which vary in time and scale. Data is usually integrated more efficiently by appropriate software, such as Geographical Information Systems (GIS). GIS software is a useful tool to obtain an immediate, easyto-read overlap of the different thematic layers (Pilone et al. 2017) , which can show the key risk points simply, thus facilitating the analysis and dissemination of results (Rivas-Medina et al. 2013 ).
Background
The first methods based on vulnerability indexes were proposed by Benedetti and Petrini (1984) , who used extensive damage survey data corresponding to several strong earthquakes in Italy. The methods differentiate buildings with the same structural type by means of a vulnerability index (V I ). ATC-13 (1985) classifies buildings according to their type, material, or year of construction. At a later date, the Gruppo Nationale per la Difesa dai Terremoti 1 (Bernardini 2000; GNDT 1994) developed a method which identifies the type of building and defines its vulnerability class (i.e., A, B, C) (Giovinazzi and Lagomarsino 2002) . Subsequently, the Risk-UE Project: "An advanced approach to earthquake risk scenarios with application to different European towns" Lebrun 2006a, 2006b ), developed specific risk analysis methods for Europe, which were applied to the cities of Barcelona, Bitola, Bucharest, Catania, Nice, Sofia, and Thessaloniki. Although these methods have some aspects in common, they are different from other methods promoted and proposed in other regions and countries, such as Hazus 99 (FEMA 1997; FEMA/NIBS 2002) , which is designed to be applied in the United States.
The Risk-UE project proposed two approaches to the seismic vulnerability assessment of existing buildings: Level Method 1 (LM1), which considers the seismic scenario in terms of macroseismic intensity, and buildings' strength in terms of vulnerability indices V I ; Level Method 2 (LM2), which considers the seismic action in terms of response spectra, and the strength of the buildings in terms of capacity and fragility curves. LM1, named the vulnerability index method (VIM) in this paper, is specific to and typical of Europe, and gathers the experience of seismic risk studies based on vulnerability indexes, damage factors and damage probability matrices (DPM). This method is inspired by and based on the European Macroseismic Scale (EMS-98) (Grünthal 1998) and allows the study of risk scenarios in a relatively simple way. The VIM is the method applied in this study and is described briefly below.
1.1.1. The vulnerability index method (VIM-LM1) Since the VIM (LM1) was proposed (Lagomarsino and Giovinazzi 2006; Lebrun 2006a, 2006b) , it has been applied to many urban areas at regional and local scale. Specifically, in north-eastern Spain, the method was applied to the Cerdanya region (Goula et al. 2008; ISARD 2006) and the Principality of Andorra (González-Díaz 2010) as part of research on the ISARD Project. Both areas are in the Pyrenean domain. In the SisPyr project, the method was applied to the Val d'Aran region and Girona city (Montfort et al. 2012) . Chiefly, the VIM method has been applied in European and African cities of the Mediterranean region. Some examples are the assessments carried out in the cities of Al Hoceima and Imzouren in Morocco (Cherif et al. 2017) , and in the cities of Lorca (Tomas, Rodenas, and Garcia-Ayllon 2017) , Barcelona (Lantada, Pujades, and Barbat 2009a) , Valencia (Guardiola-Víllora and Basset-Salom 2015), and Granada and Velez in southern Spain (Feriche 2012; Feriche et al. 2009 ). Moreover, the VIM has been used in vulnerability assessments of the current building stock in historical centers, as in the ANTAEUS Project (Uva et al. 2016) in the Province of Foggia (Puglia, Southern Italy) and for the vulnerability assessment of old masonry buildings in the historical center of Faro (Maio 2016) and Lisbon (Simões et al. 2016) in Portugal.
These studies estimate the vulnerability of buildings based on data collected by field surveys, or taken from cadastral databases. This information usually contains the structural type of building, number of floors, regularity in horizontal geometry, and height and building position in the aggregate and soft floor, among others. Information can also be extracted from high-resolution satellite/aerial images (Dell'Acqua, Lanese, and Polli 2013; Polli, Dell'Acqua, and Gamba 2009) . Recently, Tomas, Rodenas, and Garcia-Ayllon (2017) proposed new behavior modifiers based on the damage observed in the 2011 earthquake in Lorca (Spain).
These assessments are an excellent source of information that civil protection services may use to design and improve their emergency plans in case of earthquake. The Barcelona Civil Protection Service used the seismic evaluation results obtained as part of the Risk-UE Project to design Barcelona's Municipal Action Plan for seismic risk (PAM 2 ) (PAEM 2016). Results from these kind of assessments were also used for Valencia's Special Plan against seismic risk, approved in 2011, which recommends the creation of specific plans for several municipalities. The study carried out in the residential district of the Eixample by Guardiola-Víllora and Basset-Salom (2015) led to the project being extending to the rest of the city of Valencia, and studies by Feriche (2012) and Feriche et al. (2009) helped to improve local seismic emergency planning in Granada and Velez cities in southern Spain.
The capacity spectrum based method (CSBM-LM2)
Other ways of assessing expected seismic damage in existing buildings are based on the capacity spectrum method (CSM) (Freeman 2004) . The CSM considers seismic action in terms of 5% damped response spectra; and the seismic quality of the buildings, that is, their vulnerability, by means of capacity spectra. Capacity spectra are the acceleration-displacement format of capacity curves, which are obtained using the wellknown pushover analysis. In summary, the CSM allows a simplified, straightforward assessment of the spectral displacement that a given earthquake, defined by its 5% damped response spectrum, would produce on a given building, defined by its capacity spectrum. Furthermore, capacity spectra are often used to define fragility curves (FEMA/NIBS 2002) , allowing the expected seismic damage and risk to be quantified. The Level Method 2 (LM2) considers four non-null damage states: Slight, Moderate, Extensive and Complete. The LM2 method developed in the framework of the European Risk-UE Project is based on a CSM in which fragility curves are obtained in a simplified way from the bilinear capacity spectra (Milutinovic and Trendafiloski 2003) , which are defined by means of the yielding and ultimate capacity points (Barbat et al. 2006; Lagomarsino and Giovinazzi 2006) . This method has been applied numerous times to provide fragility curves for northern European building stock (Lestuzzi et al. 2017) , various types of buildings in southern Europe, studies in Barcelona (Barbat et al. 2008; Lantada, Pujades, and Barbat 2009b; Pujades et al. 2012; Irizarry et al. 2010) , and a recent study by Simoes et al. (2017) for three kinds of old masonry buildings in Lisbon.
LM1 or LM2
LM1 and LM2 are also referred to as empirical and mechanical methods, respectively (Lagomarsino and Giovinazzi 2006) . The empirical LM1 method is extremely versatile in characterizing the seismic behavior of buildings, as the representative vulnerability index can be modulated for each individual building, by means of regional and building modifiers. Therefore, a specific basic class of building can cover a broad range of indexes and, thus, regarding the EMS-98 macroseismic scale, a broad range of vulnerabilities. The LM1 can be applied to vast urban areas rapidly and easily, and generates very reliable scenarios when interpreted from a probabilistic point of view. It requires less information and allows rough simplifications of both the seismic input and the vulnerability of buildings.
The LM2 is the method adopted in Hazus methodology (FEMA/NIBS 2002) , and it could be considered an advanced approach that incorporates new methodologies to analyze the damage and the seismic risk in large conurbations. However, LM2 requires more information of a higher quality on both the seismic actions and the structural details of the buildings. Acceleration data on seismic actions are required. Detailed mechanical models and non-linear static structural analysis programmes on buildings are also required, which imply great simplifications. Thus, although LM2 is a powerful method, it needs a great amount of high quality data and it is expensive in terms of computing time.
To decide whether to use LM1 or LM2 in the seismic risk assessment of a given seismic urban area, it is important to consider that both methods provide results with similar levels of accuracy that correlate well, despite the differences. In a substantial application, both methods can identify the most vulnerable parts of a city and the most vulnerable city among a group of cities. However, when a single building has to be evaluated, LM2 is preferable, especially in the case of cultural heritage and essential buildings.
Concerning the consistency of LM1 and LM2 methods, Lantada, Pujades, and Barbat (2009b) compared the results of applying both methods to Barcelona (Spain), which is in a low-to-moderate seismic hazard zone. The difference between both scenarios was negligible, but for more severe scenarios the differences may be significant (Lantada 2007) . Lestuzzi et al. (2016) also compared the results for two cities in the canton of Valais, which has the highest seismicity within Switzerland. The discrepancy in the results indicates that damage may be overestimated by the LM2 method. More research is needed to identify the real causes of the discrepancy, by focusing on applications in regions with moderate seismicity. These two studies agree that both methods can identify the most vulnerable parts of a city, and both provide excellent overall results that show a reasonably good correlation with the main features of the built-up environment of the urban area under study.
Objectives
This article estimates the impact of seismic scenarios on the dwellings and population of the oldest district of Barcelona (Spain), the "Ciutat Vella", which is the downtown area of the city. This urban area is in a low-to-moderate seismic hazard region, and over 90% of the buildings are old, unreinforced stone or masonry edifices. The ultimate objective of this study was to provide useful information on seismic risk assessment for Barcelona Council's Civil Protection Service, so that the Municipal Action Plan (PAM) could be updated (PAEM 2016) . The main purpose of the Action Plan is to provide a quick, effective response that minimizes potential damage to people, property and the environment, and restores basic services to the population in the shortest possible time.
Seismic action is considered in terms of macroseismic intensity, according to the European scale (EMS-98) (Grünthal 1998) , and buildings are characterized by means of vulnerability indexes. In other words, the first-level method (LM1) that was developed as part of the EU-Risk project, is used (Lantada 2007; Milutinovic and Trendafiloski 2003; Lebrun 2006a, 2006b) . In fact, the LM1 method was preferred by authorities in the municipality because it is simple, versatile and easy to understand the severity of seismic actions and interpret the results on vulnerability and expected damage. Moreover, LM2 applications to urban areas are usually performed by grouping constructions into a small number of building classes, which severely smooths the obtained results. If constructions were not grouped, the application of LM2 would require a vast number of computations to adequately represent the capacity and fragility of each individual building. Therefore, the application of CSBM was not considered.
The analysis was executed on a GIS building-bybuilding basis, but the results were given at district and neighborhood level. The analysis at such a local scale was possible due to an accurate, complete database on the structural types and population provided by Barcelona City Council's Municipal Institute of Information Technology (IMI). In addition to GIS capabilities to assist the management and display of this database, customized GIS tools have been developed to obtain spatial parameters from buildings' geometry, to calculate some behavior modifiers of the vulnerability index. Results include estimation of building vulnerability, direct physical damage, generated debris, economic cost, and the effects on the population, including the number of injured and deceased people, and those made homeless.
As mentioned above, this information has been used to update the Municipal Action Plan for the city of Barcelona (PAEM 2016). Subsequently, the results were also used in a holistic evaluation of seismic risk (Jaramillo, Carreño, and Lantada 2016) .
Vulnerability index method
As pointed out above, the LM1 gathers the experience of seismic risk studies based on vulnerability indexes, damage functions, and damage probability matrices (DPM), so that risk scenarios can be studied in a relatively simple way. Recall that the VIM defines seismic action by means of macroseismic intensity, that is, by means of a sole parameter.
The VIM introduces a vulnerability index to represent and quantify whether a building belongs to a certain vulnerability class. It uses average semi-empirical vulnerability functions, which, for a given vulnerability index, relate macroseismic intensity and expected damage. In other words, these damage functions relate the degree of average damage to types of vulnerability, based on macroseismic intensity and the vulnerability index. DPM define the probability of occurrence of a given damage grade. In this method, the qualitative matrices proposed in the EMS-98 are generated by modeling each type of vulnerability through beta distributions, which are adjusted in such a way that they are equivalent to a binomial distribution.
Seismic action
Seismic action is considered in terms of the European Macroseismic Scale (EMS-98). Earthquake scenarios can be chosen based on likely earthquakes in the study area. Deterministic or probabilistic earthquake scenarios may be analyzed. Deterministic scenarios are defined in such a way that they are representative of major historical earthquakes. Usually, the highest seismic intensity experienced in the study area is chosen, but other earthquake scenarios may be selected too. Probabilistic scenarios correspond to earthquakes with a predefined probability of occurrence. Usually, the 475-year return period earthquake is chosen, that is, macroseismic intensity with a 10% probability of occurrence in 50 years. This characteristic earthquake is frequently used in seismic design and risk assessment, and is usually defined in seismic regulations.
For both kinds of scenarios, deterministic and probabilistic, when the hypocenter is outside or far from the studied area, the effect of attenuation of seismic intensity with distance (Secanell et al. 2004; Sponheuer 1960) should be considered. Soil or other amplification effects must also be taken into account.
Vulnerability
Vulnerability index-based methods draw on macroseismic intensity scales. Here, the VIM is based on the EMS-98 intensity scale (Grünthal 1998) . In EMS-98, buildings are classified according to their main structural features. Four main building types are considered: masonry, reinforced concrete (RC), steel, and wood structures. Vulnerability is set according to six vulnerability classes, which are labeled with letters A-to-F, where class A is the most vulnerable, and F the least. Different buildings of the same type may pertain to different vulnerability classes, depending on their specific materials, structural properties, and/or construction quality. The most likely class and probable and least probable vulnerability ranges are provided. The following damage grades are considered: 0. Null, 1. Slight, 2. Moderate, 3. Heavy, 4. Very heavy, and 5. Destruction. Then, expected damage is described in an imprecise, inaccurate way. For instance, a typical sentence in the EMS-98 scale, for intensity VIII, which is labelled as Heavily Damaging, is: "Many buildings of vulnerability class C suffer damage of grade 2; a few of grade 3". Because the expected damage in not fully defined for all intensities and all vulnerability classes, and definitions of quantity are given in a wordy way, vulnerability and expected damage are established in a qualitative, diffuse and incomplete way in the EMS-98 scale.
Based on this context (Grünthal 1998 ) and studies completed as part of the Risk-UE project (Giovinazzi 2005; Giovinazzi and Lagomarsino 2002; Milutinovic and Trendafiloski 2003) , Lagomarsino and Giovinazzi (2006) proposed the VIM, which is a robust method for assessing expected seismic damage and risk in urban areas in a straightforward way. The assumption that expected damage follows a binomial distribution solves the problem of incompleteness, and enables complete damage probability matrices (DPM) to be obtained for every building class and each macroseismic intensity. In addition, fuzzy theory elements allow diffuse aspects to be controlled. The particular vulnerability class that a specific building belongs to is now defined by a vulnerability index. This vulnerability index is normalized in such a way that it takes values between 0 (least vulnerable) and 1 (most vulnerable). Extreme values below 0 and over 1 are allowed for special vulnerable or strengthened buildings. The Risk-UE technical manuals (see, for instance, Milutinovic and Trendafiloski 2003) and VIM practical applications (see for instance Lantada 2007) propose adequate values of the vulnerability indices for buildings in specific building typology matrices (BTMs). In fact, these vulnerability indices are related to the values of a membership parameter, χ, of the vulnerability classes of the EMS-98 scale: χ takes values between 1, total membership; and 0, no-membership. Table 1 shows these vulnerability indices (V I ) for the buildings in the Ciutat Vella district. *BTM V I (χ = 1) is the most likely value, [ −BTM V I, +BTM V I ] (χ = 0.5) defines the interval in which plausible vulnerability indices are found, and [ min,BTM V I max,BTM V I ] (χ = 0.2) define the minimum and maximum possible values. Noticeably, the method provides schemes and guidelines to fix the vulnerability index limits, as suggested here, or to calibrate new ones, considering the quantity and quality of the available information, as well as the specific features of the buildings that are analyzed. Thus, every building is characterized by means of a specific vulnerability index, which is obtained from a basic index, *BTM V I in Table 1 , and adequate modifiers so that this central value can be adapted to the specific age, geometry, location, and other mechanical properties of the building, within the range of likely and possible allowable values. Specifically, in this study, regional and behavior modifiers have been considered. The first modifier allows for construction customs and seismic codes in force in the region at the time the building was constructed, while the behavior modifier considers the contribution to the vulnerability index of peculiar features of the building (building modifier), and other attributes related to its position in a block or aggregate (location modifier). Table 2 shows the behaviour modifiers adopted here for masonry and reinforced concrete buildings, which are the most frequent building types in the study area. Modifiers and their specific ranges and values were fixed according to expert opinions, after discussion with professionals such as architects and civil engineers who have expertise in the built environment of the city. 
Physical damage
Concerning the expected physical damage, once complete damage probability matrices (DPM) have been obtained, let p j = P(j│I,V I ) be the probability of the damage grade j, for a given intensity, I, and a vulnerability index V I . Then the mean damage grade is defined as:
Giovinazzi (2005) calibrated a semi-empirical damage function linking macroseismic intensity (I), the vulnerability index (V I ), and the mean damage grade (μ D ).
The following equation defines these damage functions:
(2) Figure 1 shows several examples of this function for the building types of the Ciutat Vella district. The central value, that is, the most likely vulnerability index, has been used to depict these curves (see also Table 1 ).
Once the mean damage grade is known, the DPM can be retrieved from the assumption of the binomial statistical distribution. However, for methodological purposes, and, to avoid the discrete nature of the binomial distribution, the continuous probability Beta distribution was preferred. Beta parameters were obtained so that the Beta distribution fitted the Binomial one. The probability density function (pdf) is given by the following equation: Figure 1 . Semi-empirical damage functions for the building types of Ciutat Vella district. The central value, that is, the most likely vulnerability index, was used to depict these curves (see also Table 1 ).
In this equation Γ(·) is the gamma function, x is the independent variable, which takes values between a and b that define the domain of the pdf function, and t and q are the parameters of the Beta distribution. t is related to the dispersion of the distribution. A value of t = 8 makes the Beta distribution compatible with the Binomial distribution. a and b, which are related to the damage grades, are set to a = 0 and b = 5, because 5 non-null damage grades are considered. Finally, the following equation links the mean damage grade μ D , and the parameters q and t of the Beta distribution (Milutinovic and Trendafiloski 2003) :
The probability, P β (x), that a damage value is less than or equal to x is defined by the integral between a and x of the pdf defined in Equation (1); that is:
And, thus, the probability of the k damage grade, k = 0,···,5 can be obtained by means of the following equation:
Thus, for each building, defined by means of its vulnerability index, V I , and for each earthquake scenario, defined by means of an EMS-98 macroseismic intensity, I, Equation (2) can be used to obtain the mean damage grade, μ D , and Equations (3)-(6) can be used to obtain the specific DPM, that is, the probabilities of each damage grade.
Other damage-induced effects
The probabilities of the damage grades, 3, 4, and 5, labeled as Heavy, Very-Heavy, and Destruction are essential to evaluate other induced effects, such as damage to population, debris volumes, and the economic cost of physical damage. Note that the economic cost is defined here as the repair cost. Obviously, for emergency planning and management it is vital to know these induced effects. This section is devoted to describing how these key factors are assessed.
Damage to population
The number of human victims among the population, including those injured, killed, or made homeless by earthquakes, is directly related to the physical damage suffered by the buildings in which the population lives.
This study applies a model of victims to estimate these sensitive numbers. The basic data required are the probabilities of occurrence of a damage state, and the density and distribution of the population at the time of the earthquake. It is very important to know, or to estimate, the number of people in each damaged building. This number depends not only on the number of inhabitants and the number of dwellings, but also on the season of the year, the day of the week, and the time at which the earthquake occurs. Details on the estimation of the distribution of victims according to the type of building, the type of earthquake and the time of occurrence are well described in Vacareanu et al. (2004) . Given a building type and a category of casualties, Spence (1992, 2002) modeled the corresponding number of victims (K S ) as: ) where C is the number of collapsed buildings and is obtained by multiplying the number of buildings of the class considered by the corresponding probability of the Complete damage state. Note that for victim estimation purposes, it is understood that Complete damage corresponds to 4. Very heavy and 5. Destruction, so that the probability used to calculate the number of collapsed buildings is the sum of the probabilities of the damage grades 4 and 5.
Then, for each building, M1 is the number of dwellers, M2 is the occupancy rate, and M3 is the percentage of occupants of the building who are trapped due to its collapse. Thus, the product M1 · M2 · M3 is the number of people that the earthquake has left trapped inside the damaged building. Finally, M4 and M5 are the parameters used to estimate the distribution of the categories of victims.
For each category of victims, M4 gives the percentage of trapped people who will suffer each type of damage. M5 only takes values other than zero in the case of deceased people. In this case, M4 represents the number of deaths caused directly by the collapse of the building, and M5 allows for post-earthquake mortality.
For masonry and reinforced concrete buildings, values were adopted (see Table 3 ) based on the recommendations of Vacareanu et al. (2004) and Coburn and Spence (1992) . These values correspond to an earthquake that occurred during the night on a winter weekday, assuming that this corresponds to the maximum occupancy rate for residential buildings. Note the different values of M4 according to the severity of the injured, as well as the high damage potential of reinforced concrete buildings compared to masonry buildings.
In addition to the number of people who may die or suffer different kinds of injuries, another important aspect of a disaster is the number of people who lose their homes. This number is a figure that must be considered when designing emergency plans and recovery strategies, since spaces must be provided to accommodate these people for a certain, sometimes long, period of time. A dwelling is considered ruined or uninhabitable when its level of degradation prevents its normal use as a home. Our model, based on Coburn and Spence (2002) , considers that a building is not habitable when the damage grades are equal to or greater than 3 (Heavy or Severe damage), since it is assumed that this damage grade disables the use of the building as a dwelling. Specifically, it is assumed that 90% of the dwellings in buildings that suffer Heavy damage, grade 3, and 100% of those that belong to buildings with Complete damage (grades 4 + 5) are not habitable. The number of homeless people in a building i of typology t (Nph it ) is defined as:
where Npv it is the number of people per dwelling in building i of typology t, Nviv it is the number of dwellings in the building, and P it (Severe) and P it (Complete) are the probabilities of damage states Severe and Complete respectively. Thus, the quantity Nviv it [0.9 · P it (Severe) + P it (Complete)] defines the number of dwellings in building i of type t that become unusable.
Recall that for the application of this model, only four damage states are considered, since in Equation (8) 
Economic cost
The economic cost of a disaster is another important parameter that is not easy to assess. It is clear that the financial impact of an earthquake disaster goes beyond the cost of the replacement of damaged goods and includes, among many other factors, the impact of the seismic crisis on productive activity, the recovery of the functioning of companies and financial institutions, and the reestablishment of pre-crisis rates of economic growth. However, in spite of rates established by insurance companies as compensation for physical damage to persons, including death, it is not appropriate to assess the economic cost of recovering the injured and, particularly, the economic cost of the deaths. Nevertheless, there is broad consensus that the dimension of a disaster is directly related to its economic cost. In this section, an approach to a pecuniary estimation is presented. The quantitative approach only evaluates the reposition cost of damaged buildings, including the structure and contents. Even this drastic simplification in the assessment of the monetary value of an earthquake scenario is not without difficulty, since it is based on what is known as the "replacement cost". The retrofitting cost of damaged buildings depends on their level of degradation. All the damage grades or states, other than Null, contribute to a greater or lesser extent to degrading the building and, therefore, also have an impact on the economic loss. Thus, for a building (j) of type (t), the parameters involved in the assessment of the probability of the economic repair cost are as follows: (1) the cost Vc t of the unit (m 2 ) of damaged area, which is assumed to be the same for all buildings of the same type (t); and (2) the number of square meters to be repaired or replaced.
In turn, the number of square meters to be replaced for each damage grade or state depends on the product of the number of square meters of the building (Area jt ), the probability of the damage state k (P jtk ), and the equivalent meters in repair cost of each damage grade (RC tk ). Obviously, the contribution of all damage states must be added together. In addition, when applied to a large population of buildings, these numbers must be summed for all buildings (j) of each type, and for all types (t) of buildings, which leads to the following evaluation model:
where RC tk is the cost of damage caused by the degree of damage k in buildings of type t, and is defined as a percentage of the unit cost of m 2 . P jtk is the probability of damage state k of building j of type t, and is obtained from the corresponding damage probability matrix. Ns is the number of damage states of the Null damage Table 3 . Values adopted for the parameters of Equation (7). state. Area jt is the area constructed in square meters of a building j of type t. Net is the number of buildings of type t, and Vc t is the estimated cost of the square meter for buildings of type t. The value of Vc t must be close to the actual costs of materials and labor needed to restore the damaged property, but Vc t does not include the price of the land. Finally, Nt is the number of types of buildings considered in our BTM. In addition to economic losses due to deterioration of the building, the economic losses due to damage to contents are also considered. Our model is simple, and it is based on the ATC-13 (1985) report (see also McCormack and Rad 1997) . It is assumed that the content value of residential buildings is 50% of the building replacement cost. The total cost of direct economic losses (Tcost) will be the sum of both quantities, that is, 1.5 times the value obtained in Equation (9).
The approximation that Vc t in Equation (9) is the same for all building types is usually assumed, since the materials, techniques, and labor used nowadays have very similar costs. This assumption, which is very reasonable for typical residential buildings, would not be adequate in another case such as, for instance, for special or cultural heritage buildings.
Debris
In addition to the economic impact, direct physical damage generates debris that can be estimated from the damaged surface that needs to be repaired, rebuilt, or retrofitted. These induced effects are not directly related to the vulnerability indices or to the mean damage grade, as they depend on the size and number of damaged buildings in each neighborhood, as well as the magnitude of the overall destroyed or deteriorated area.
Both HAZUS 99 (FEMA/NIBS 2002) and guidelines related to the Risk-UE project (Vacareanu et al. 2004) give special importance and usefulness to the estimated volume of debris generated. This estimation is particularly interesting and useful in old downtown areas, where there is a high density of urban fabric and the main streets and roads are narrow. Even in normal conditions, it can be difficult to move around by car, and even harder to pass through these streets with the kind of vehicles involved in emergency care. Therefore, the forecast of the volume of debris generated in the different scenarios and methods considered here becomes an essential factor to plan access to the affected population, to draw up evacuation routes, and even define areas for the establishment of victim and homeless assistance camps.
The model for the estimation of debris considers different types of ruins. For example, an adobe building will clearly generate debris that is very different from that produced by steel or other modern constructions. Moreover, a typical reinforced concrete building includes masonry elements and, consequently, the same type of building can give rise to different types of debris that will be directly related to the construction materials used in the building. The amount of debris resulting from a building that has experienced an earthquake will be a function of the degree of damage it has suffered. Therefore, for a building (j) of type (t), for each type of debris (e) and each damage grade (k), the contribution to the volume of debris will be given by the following equation:
where D ejtk is the contribution to the total weight of debris of type e by the building j of type t, when the building has a damage grade k; A jt is the constructed area of building j of type t; and W et is the unit weight (ton/m 2 ) of the type of material e for the type of building t. F etk is the fraction of the unit weight that results in ruin for this type of debris e, for this type of building t that occurs when the building has a damage grade k. For a seismic scenario, the frequency of debris will result from the product between this amount D ejtk and the probability that the building j of type t suffers a damage grade k (P jtk ). Let us consider, for instance, a masonry building containing various materials such as brick and mortar loading walls, metal pillars and reinforced concrete slabs. It is estimated that the weight of brick and mortar per square meter of usable area is 0.5 tons and that, when the building suffers a Moderate damage grade, 10% of this material causes debris of this type. If this building consists of 400 m 2 of useful area, the likely amount of debris of this type, if the building is in a scenario where the probability of moderate damage is 30%, will be: 400 × 0.5 × 0.10 × 0.30 = 6 tons of brick and mortar debris.
In the general case of a set of buildings of different types that can generate debris of different kinds, located in places with different probabilities of damage states, the integral or sum of the elements defined in Equation (10) must be calculated, multiplied by the probability of the corresponding damage state, for all types of debris, for all types of buildings, and for all damage states. That is, the total volume of debris (Es Total ) is defined by the equation:
where the k index runs the different damage states between 0 (Null) and Ns (Complete), e goes through the types of debris and varies from 1 to the number Nd of types of debris; j holds for the number of buildings of typology t and ranges from 1 to the number of buildings of typology t, Net; and t contains the different typologies between 1 and the number of different typologies, Nt.
The models used here are simplified and consider only two types of buildings and two types of debris. The values of the parameters in Equations (10) and (11) have been taken from Vacareanu et al. (2004) , which, in turn, were taken from HAZUS 99 (FEMA/NIBS 2002) . When these references provide a range of variability, the mean value has been adopted.
Application to Ciutat Vella

The Ciutat Vella district
Barcelona is the political and economic capital of Catalonia, and the second city of Spain, after Madrid. It is located on the north-eastern Mediterranean coast of Spain. A mountain range, called Collserola mountain, and two rivers, the Besos to the North and Llobregat to the South, define the city's geographical borders. Barcelona has an area of about 100 km 2 and 1.6 million inhabitants. The average population density is 15,706 inhabitants per km 2 . Barcelona, like most modern cities, is comprised of neighborhoods and districts, which constitute the basic administrative territorial divisions of the city. These areas are the result of the evolution and growth of the city and the historical groupings of its population. Specifically, the city is comprised of ten districts, the oldest being Ciutat Vella. Ciutat Vella means "old city" and it contains the downtown area built around the early settlement.
In the Iberian era, one of the first two settlements in the environment of Barcelona was in mount "Tàber", known as Barcino in the 3 rd century B.C. (Figure 2) , with between 10,000 and 15,000 inhabitants. This would later be destroyed in the 3 rd century A.D. by invading German tribes. Barcino was rebuilt, fortified, and began to grow in the 8 th -11 th century, when the city passed into the hands of the Muslims, Carolingians and Counts, reaching about 80 hectares and around 20,000 inhabitants. In 1359, Barcelona had 34,339 inhabitants according to the Barcelona City Council's Municipal Institute of Information Technology, (IMI) and it is then, when in addition to the walled enclosure built in the thirteenth century, a third wall enveloped the whole district of "El Raval". In 1753, a new neighborhood, "La Barceloneta", was created outside the walls, to solve the problem of people evicted due to the demolition of part of the neighborhood of "Ribera", near the fortress of "La Ciutadella" (Figure 2) . The population of the city continued to grow within a very limited area, rising from 118,000 inhabitants in 1835 to more than 173,000 in 1849. Buildings had to increase in height, while houses became smaller (Solé, 1975) . In 1856, the urban plans that established the reform of the district of Ciutat Vella began as a mechanism to correct the problems of high density, poor sanitary conditions, and the disorder of the buildings within the space of the wall. Between 1858 and 1868, the city walls were demolished. The building pressure of the district of Eixample (which means widening) and its continuous densification were translated directly into Ciutat Vella, which enabled the buildings to grow in height, adding a final phase of internal densification with a dramatic impact on the population density.
Currently, the Ciutat Vella district occupies 4% of the city's surface, and makes up 6.2% of the total population, with 100,115 inhabitants and an average density of 22,918 inhabitants per km 2 . Ciutat Vella is one of the districts with the highest net residential density of the city (774 inhabitants per residential hectare). This is a measure of population density expressed as people per hectares of net residential area, which includes only residential plot areas. The district contains four neighborhoods: 1. "Raval", 2. "Gòtic", 3. "Barceloneta", and 4. "Sant Pere, Santa Caterina i la Ribera". This last neighborhood will be called by its former name "Parc" in this paper (see Figure 2 and Table 4 ).
The building stock of the district, with a total of 5,755 buildings (8% of the city), covers 67% of the district's surface. Data on the buildings that were used in this study have been extracted by crossing the available information on the built cadastral plots, and structural information provided by the City Council of Barcelona's Municipal Institute of Information Technology (IMI). This information includes the age of the buildings, structural typology, number of floors, state of conservation, and population census (registered citizens in each building). The analysis of vulnerability and direct physical damage and the estimation of effects on the population was undertaken on the basis of 4,993 residential buildings; over 87% of the total number of built plots, which constitutes a highly representative amount of information available for this study (Table 4) . Notably, many built plots in the Ciutat Vella are cultural heritage buildings that have not been included here, since only residential buildings were considered.
The average year of construction of the Ciutat Vella district buildings is prior to 1900 for all neighborhoods (1887 for the Gòtic neighborhood, the oldest one), except for Barceloneta, which is 1927. Therefore, the average age of buildings is over 100 years (Table 4 ). Most of the district's buildings are unreinforced masonry (91%) and reinforced concrete with waffle slabs (5.5%); both construction types are highly vulnerable to seismic actions. The remaining buildings have steel (slightly over 2%) and wood (less than 1%) structures.
The VIM was implemented building by building for the database available through a Geographic Information System (GIS) that has been adapted to the specific characteristics of the study area. In this article, the results of this study are shown in detail for the district of Ciutat Vella at neighborhood level and, for each scenario, maps are provided with the geographical distribution of the most likely damage grade or state. Population data is used to calculate scenarios for the number of victims, the injured and people made homeless. Estimates of the volume of debris produced and the economic cost of each specific scenario are also provided.
Earthquake scenarios
According to the current Spanish seismic code (NCSE-02 2002) , Barcelona is in a seismic region in which the intensity with a probability of occurrence of 10% in 50 years is VI in the European Macroseismic Scale (EMS-98). The corresponding basic acceleration is 0.04 g.
Ciutat Vella is built on outcrops of Holocene deltaic materials and quaternary materials of thickness between 25 and 17 m. Below this layer of soft soils and above the Paleozoic basement, there is a thick layer of tertiary materials at a depth of 350 m. For seismic demands, intensity increases of 0.5 units can be considered in areas of soft soils (Secanell et al. 2004 ). According to Secanell et al. (2004) , because of the soft soil amplification effects, the VI intensity foreseen in the Spanish code in rock outcrops in Barcelona should be increased by a half unit for Ciutat Vella. Therefore, VI-VII is the intensity with a 475-year return period, that is the intensity with a 10% probability of occurrence in 50 years.
Barcelona Council's Civil Protection Service showed an interest in updating the city's Municipal Action Plan (PAM). To this end, they suggested analyzing homogenous scenarios, covering a reasonable range of likely-to- possible earthquakes in the city, in half-degree intervals of intensity. Specifically, in this study on the Ciutat Vella district, deterministic and homogeneous earthquake scenarios are considered. These scenarios are defined by the following EMS-98 macroseismic intensities: V (5), V-VI (5.5), VI (6), VI-VII (6.5), and VII (7). In this way, the effects of weaker and stronger earthquakes than that corresponding to a 475-year return period would be analyzed. Thus, soft soil amplification effects are not explicitly considered.
A previous Spanish seismic code NCSE-94 (1994) can be used to estimate basic accelerations (a b ) and the return periods (RT) corresponding to a determined macroseismic intensity. To find the basic acceleration corresponding to the seismic scenarios considered, the following equation (NCSE-94 1994) was used: log 10 a b ¼ 0:301030 I À 0:2321;
where a b is the basic acceleration, which is also usually identified as the effective peak acceleration, and I is the macroseismic EMS-98 intensity. According to Equation (12), the a b value of 0.04 g, assigned to Barcelona, corresponds to a macroseismic intensity of VI. That is, the city is considered to have a low-to-moderate seismic hazard. The NCSE-94 code provides basic accelerations with a return period of 500 years for all the cities in Spain (0.04 g for Barcelona), and proposes the following equation to calculate the return periods of other basic accelerations:
where a b j PR¼t is the basic acceleration with a return period t and a b j PR¼500 is the basic acceleration for a return period of 500 years.
Equations (12) and (13) have been used to calculate the basic accelerations and the corresponding return periods of the analyzed seismic scenarios. Table 5 shows the macroseismic intensities of the scenarios considered, together with the corresponding basic accelerations and return periods. After performing the seismic risk assessment for all earthquake scenarios in Table 5 , no significant damages are expected in Ciutat Vella for the V intensity scenario. Then, only the results obtained for the other four earthquake scenarios will be shown.
Vulnerability and physical damage
The vulnerability of Ciutat Vella buildings indicates an average value of 0.59 for concrete buildings and 0.93 for masonry buildings, which are the most vulnerable. Therefore, it is expected that masonry buildings suffer greater damage grades, because the pattern of vulnerability is transferred to the pattern of damage. For the intensity VII scenario, the Gòtic, Raval and Parc neighborhoods of the Ciutat Vella district suffer a damage grade slightly above damage grade 2 (Moderate) ( Table 6) , which implies frequencies of 27%, 8%, and 1% of the states Heavy, Very Heavy, and Destruction, respectively (Figure 3) .
Other induced effects
3.4.1. Damage to population The model described above was applied to each building, according to Equations (6) and (7), to directly obtain the number of people who were injured, killed, or made homeless. All these results correspond to an earthquake at night, which assumes 80% occupation of the buildings, using reliable and updated information on the number of inhabitants per building provided by the Barcelona Council for over 96% of the district's buildings.
The results indicate a significant impact on the population. In the worst-case scenario of an earthquake of intensity VII about three per thousand (0.3%) of the population of the district would die and nine per thousand (0.9%) of the population would suffer injuries of varying severity. These are significant numbers implying hundreds of people.
In case of an earthquake of intensity VII, a total of 299 per thousand members of the population of the district would become homeless, that is, over 33,524 people. For earthquakes that are more moderate, the numbers are lower but are also significant and indicate a grave situation. Even for a V-VI intensity earthquake, presumably 32 per thousand people would become homeless (see Table 7 and Figure 4 ). Recent earthquakes in densely populated areas, with a moderate seismic hazard, such as the Lorca 2011 earthquake (Alarcón and Benito, 2014) , seem to validate these results.
The neighborhood that would be most affected in all cases is "El Raval". This neighborhood houses almost half the population of the district. For an intensity VII, the expected number of people made homeless would be 15,984 (332 per thousand of its population) (Table 7) . Moreover, it is expected that 140 would die (3.0 ‰), and 418 would be injured (8.8 ‰).
Economic cost
Direct economic losses due to the direct physical damage to buildings have been estimated as the restoration cost of the damaged buildings, according to the model defined by Equation (9). The repair value due to the damage stake k for a building j, RCK,j is given as a percentage or the reposition cost (Vc) per square meter . In this study, the value adopted for Vc is 1,152.11 €/m 2 . This reference value is for a residential building with reinforced concrete structure and waffle slabs (Boletín Económico de la Construcción 2009). The expected economic cost of restoring and repairing the buildings that were destroyed or damaged varies according to the seismic scenario considered. While an earthquake of intensity V would not cause significant damage, an earthquake of intensity V-VI would cost almost 296 million euros for the Ciutat Vella district. From this intensity, when the macroseismic intensity increases by half a degree, the total cost of direct economic losses (including the restoration cost of the damaged building and damage to contents) is somewhat less than double (Table 8 and Figure 5 ).
Regarding the neighborhoods, the Raval would suffer the greatest economic impact, with an estimated cost of 689 million euros for intensity scenario VII. Moreover, the cost of physical damage to the buildings of only this neighborhood for intensity V-VI (Table 8 ) would be over twice the budget of the whole district for the year 2016 (approximately 43 million euros).
Debris
According to Equations (10) and (11), the total weight of debris was simulated for the scenarios analyzed using the custom GIS tool set for this study. The probabilities of the damage states for each building are taken from the DPM corresponding to the scenarios analyzed.
As pointed out above, due to the low probability of damage, no significant volumes of debris are expected for intensity V. However, the Ciutat Vella district would generate a considerable amount of debris in the city in case of higher intensities, for example, 1,161 tons for intensity VII (Table 9 and Figure 6 ).
In general, the expected debris would mostly be wood and brick (between 50 and 69% of the total volume generated according to the scenario considered), and the remainder would be concrete and steel. In addition to the great volume of debris, the narrowness of entry roads and of the streets in the district would severely hinder the emergency management. Noticeably, the neighborhood where the greatest volume of debris would be expected is also El Raval.
Notes on the emergency plan
On May 15, 1995 at 17:37 local time, at a latitude of 40.87°N and a longitude of 1.62°E, in the sea, off the coast between Tarragona and Sitges, an earthquake of magnitude 4.3 occurred. The earthquake caused no material damage but alerted and frightened the population of Catalonia. The impact on the population of Barcelona was disturbing as, moments after the earthquake happened, the communication centers of the official organizations collapsed. An MSK macroseismic intensity of VI was estimated in Barcelona. Consequent to this event, Barcelona City Council began to work on a Municipal Action Plan in case of earthquake. The Municipal Action Studies on the seismic risk of Barcelona were expanded in the frame of the Risk-EU project, and subsequent joint studies of the Geological Institute of Catalonia and the Technical University of Catalonia (UPC) were carried out in relation to the historical heritage of the city (Irizarry 2004 ) and residential buildings (Lantada 2007) . Since then, the Barcelona Civil Protection Service has updated the PAM. This study contributes to the latest update. The PAM of Barcelona city considers three levels or phases: (1) Alert, (2) Emergency, and (3) Recovery, and defines specific activation criteria. According to the PAM, slight damage to the city would occur from an EMS intensity of 5 (V). Therefore, the phase of "Alert" or "intensification of monitoring and information" is considered for an intensity EMS ≥ II and < V. The second phase, called "Emergency", considers two levels in relation to the magnitude of the effects on the entire city, beginning emergency phase I for EMS V, and emergency phase II for EMS≥ V-VI. In this last case, external assistance is expected to be necessary, because the damage would probably exceed the operational capacity of the municipal groups.
Discussion and conclusions
Like all of Barcelona city, the Ciutat Vella district is in a low-to-moderate seismic hazard zone, identified in the current Spanish seismic norm NCSE-02 (2002) by a characteristic earthquake of intensity VI and an associated basic acceleration of 0.04 g for a return period of 500 years. However, based on the available data and the analyzes that were carried out, it can be concluded that this district has a relatively high seismic risk, mainly due to the large accumulation of population, and the old and vulnerable buildings.
The vulnerability of residential buildings is high, mainly due to their age, but also to the lack of knowledge and awareness of the seismic hazard, and the failure to take into account expected seismic actions in the design and construction of buildings. This high vulnerability would cause considerable direct physical damage to buildings, even for low-intensity earthquakes. Consequently, the expected physical damage in the case of moderate earthquakes is significant. For an earthquake of intensity V, relevant damage is not expected to occur, but for a scenario of intensity VII, the Gòtic, Raval, and Parc neighborhoods would suffer a damage level slightly above the degree of damage 2 (Moderate) which implies frequencies of 27%, 8%, and 1% of the damage states Heavy, Very Heavy, and Destruction, respectively.
As a result of significant damage to buildings and a high concentration of population and socio-economic activity, significant economic losses, and damage to the population are also expected in case of relatively moderate earthquakes. In the worst case of an earthquake of intensity VII, almost three per thousand of the population of the district would die and nine per thousand of the population would suffer injuries of varying severity. In addition to the significant number of victims and injured people who would require immediate attention, the number of people made homeless (30% of the population for intensity VII) is a critical point for post-earthquake emergency management and the subsequent recovery of the normal socio-economic and cultural activity of the city in the medium-and long-term. Recent earthquakes that have occurred in densely populated areas in low-to-moderate seismic hazard regions validate these results.
The economic impact on the district ranges from 296 million euros for an earthquake of V-VI intensity to €1,879 M for an earthquake of intensity VII. Regarding the impact of a seismic crisis on the street and road system, the considerable volume of expected debris stands out (between 142 and 1,161 thousand tons for the V-VI and VII scenarios, respectively). Mobility would be seriously compromised because of the combined effects of the large volume of debris generated and an urban pattern of narrow and irregular streets.
Regarding the neighborhoods, the Raval would be most affected in all damage aspects, with 33% of the population being made homeless, and an economic impact of €689 M for the scenario of intensity VII. Due to the increase in infrastructures and services in districts such as Ciutat Vella, the exposed elements are increasing continuously. Therefore, the only way to reduce the seismic risk is to act on reducing vulnerability through seismic regulations, and increase the awareness of the population.
